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Preface

In this report is discussed the results obtained hy the
Mining Department of the Colorado School of Mines during the first
year of a proposed three year effort on rescarch contract
HO 210043 entitled, "A Theoretical and Experimental Study of
Tunnel Boring by Machine With Emphasis on Boreability Prediction
and Machine Design." It is perhaps instructive to review the
background leading to proposing this research before describing

the present work.

During the period 1968»1970, the Mining Department worked with
the United States Bureau of'" Reclamation (U.S.B.R.) on the develop-
meant df tests that could be performed on tect samples {(dlamond
drill cores and larger camples from the portal regions) available
from along the proposed tunnel line that might give useful informa-
tion to potential contractors for the Bureau's tunnels. It was
hoped that this would lead to better estimates of machine applica-
bility and thereby avoid delavs in construection and cost overruns
that must be absorbed by the contractors or the U.S. Government.

It was found that:

1. No particular method of estimating boreability was common
to all manufacturers of boring machines and cutting tools. Details
of the methods used were sketchy if available at all.

2. Complgtc operating data from previous tunnel boring opera-
tions had eitker not been recorded or was considered company con-
fidential. Rock samplies from these eperations were generally not
avallable.

Faced with these obstacles it was declided to gather operating

data from the River Mountains Tunnel being bored at that time for the

ol
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U.S.B.R., collect rock samples from along thne tunnel line, perform
laboratory tests on these samples, and then try and correlate field
and laboratory recsults. Linear cutter, button indentation, and

physical property tests vere performed in the laboratory. Although

trends were found o exlast; for example, the boring rate decreased

as the uniaxial comvressive strensth of the rock increased, the

\

scaling factors required to predict quantitatively the boring rate
from these tests on small samples were not found. Specific energy
values (energy required to remove a unit volume of rock) obtained
from the laboratory lincar cutter tests were always higher than
those found in the actual boring. The specific energics ratios
were not at all constant. This was not unexpected since in the
field boring the rock weaknesses which can be expected 1iIn the removal
precess are normally different from those encountered in the labora-
tory studies. 1If the weaknessces were the same in both cases, then
the escaling would be expeccted to be one to one,

Examining average depth of penetration and cutter spacings
used on most boring machines, it was seen that major possible rock
weakening structures such as bedding planes and Joints are ignored
by designers of machines and cutters., 1In fact, the presence of
these structures can very seriously hamper the progress of present
machines. Thus the rock is presently removed primarily by crushing
and the average particle size is small. 'The tensile strength of
intact rock is of the order of 1/10 to 1/20 of the uniaxial compres-
sive strength. For the rock mass itself with Joints, et>., the
tensile strength can abproach zero and under the cattine edge the

rock is In a state of triaxial compression so the comparison of

=
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strengths being attacked in the two cases will be even more differ-
ent than by a factor of 10 or 20. It was with this background that
the present program outlined below was designed.

1. The scale factors involved in predicting present bor-
ing machine performance would be examined by performing small and
large linear cutting cxperiments on blocks of rock taken from
sections of tunnel for which the actual boring data was known.

The large linear cutter capable of cutting blocks about a cubic
meter in size would be constructed in the first ycar of the con-
tract and preliminary tests run. A comparison of laboratory and
field results would be madec.

2. In particular, the possivilities of employing other cutter
designs would be investigated. The large linear cutter would be
capable of using fixed pick type of tungsten carbide cutters. It
is felt that this type of %ool could oresently be used on medium
hard rock tunneling machines to advantage. Deeper depths of cut
could be achieved at lower thrusts. Since the depth of cut is
deeper the volume of rock being attacked is larger and the pcssi-
bility of a major weakening feature in that volume greater. Thus
the specific energy required would be less. For a particular
power input the boring rate would be expected to be larger than a
machine equipped with more conventional cutters. This porticn of
work will not be discussed in much detail in this report as it is
scheduled for the second contract year. However, a few comments
as to the reasons for its attractiveness are perhaps in order.

The rotary power is tﬁe largest by far of the components making
up the total power. This application of the rotary power depends

on the torque developed which is roughly proportional to the depth

e



of cut. With present cutter desligns the force required to achieve
the cut increases non-linearly with the depth. The total force

that can be applied is limited by the bearing capacity

(approximately 30,000 lbs/cutter) and thus the depth of cut is
limited quite severely. Since the pick culters are fixed, this
limitation 1s not applicable. Concern must, of course, then be
focused on the main drive bearing, However, the possible contact
surfaces are much larger and in theory at least, the bearing prcb-
lem should be much less.

Originally it was hoped that the large linear cutter could be
built in the first & months of the contract. However, because of
construction delays primarily in the delivery of the MTS system,
We are approximately 6 months behind schedule on this part of the
first vear's program. This will certainly be completed at the end
of the 6 month no-cost cxtenslion phase in whieh ve are presently
working. This interim final report will consist of the following
sections:

1. Linecar cutter, button indentation, physical property, and
field boriag results from the Nast, Climax, and Lawrence Tunnels.,

2. Design and construction ol the large linear cutter,

3. Translations of certain Japancse articles on tunnel boring.
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1. INTRODUCTION

Tunnel boring machines using mechanical cutiers have improved

greatly during the past few years and it is now possible to cut
very hard rocks. The question that remains, however, is whether
the rocks can be bored economically. Presently, at least for
medium to hard rocks, this question is sometimes only answered
after a very expensive lesson of using and then removing an
inappropriately chosen (or used) machine. The fact that such
costly mistakes do happen reflect our present inability to make
reasonable performance predictions on the basis of the small
samples avallable before the tunnecl i; begun. Since the sample

size is generally small, the number and variety of tests that

can be used is rather small. In the past, generally only physical

property data such as the uniaxial compressive strength, Young's
modulus, etc. and perhaps small hand samples have been available
on which bids were to be made. Over the past several years the
CSM Mining Department has developed a small linear cutter that
can be used to cut these samples and provide some information
regarding the forces and energies required. At present, unfor-

tunately, the scaling relationships required to translate these

forces and energies into full scale are not available. The rela-

tionships, however, can only be developed by comparing the
laboratory and field boring results in a manner similar to that

discussed in this report.

In this part of the report the results of tests in which the

small linear cutter was used to cut samples taken from the Nast,



Lawrence, and Climax tunnels are described. Field boring data is

also given for the Nast and Lawrence tunnels. A comparison of

levoratory and field results is made and the difference discussed.

Physical property data and button indentation results for

these same rocks will be presented in a subsequent report.
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2.  EXPERIMENTS

2.1 Laboratory Testing

2.1.1 Linear Cutter

Th2 smal’ linear cutter used in this project is shown in
Fig. 2.1. As can be seen, the cutter head is mounted to an old
milling machine. The design force limitations are 7000 1bs ver-
tical and 3000 1bs horizontal. The operational loads, which can
be seen Irom the recorded forces (Appendix A), were genarally below
these design limits. 1In testing a few samples the peak values
approachad the maximum limit of vertical force, and therefore the
cutter support system should be as rigid as possible, The testing
method employed requires constant displacement. The maximum hori-
zontal force is limited by the power output of the milling machine
motor. With higher force levels it may not be powerful enough to
maintain constant table speed.

For the highest loads the stiffness of the horizontal support
arms of the unit was barely adequate. This can he Observed in some
of the records by the presence of elastic rebound force. This
occurs when the cutter, after high horizontal loading, reached a
hole in the sample where the horizontal component of the rock
reaction 1s zero. The stored elastic energy in the support system
is then released causing th. arms to go momentarily into tension.
This erfect can be seen ir some of the curves of the horizontal
force in Apvendix A. This rebound ¢ffect does not gignificantly

alfect the average results. It does affect the value of the

cutting coefficient (the ratio of the horizontal to the vertical
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Fig. 2.2. Disk type kerf cutter used in the laborstory.
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force) although the effect is felt only over a short distance. It
has practically no effect on the calculated total energy along a
Cllits

Tre design of th- cutting unit is such that cutters of dif-
ferent diameters and typres may be cmployed. The cutter unit is cOoll-
strucied o’ mild steel except for the cutter which is made of
Ketos steel (Crucible Steel Co., type AIST 01). The cutter was
hardened %o 58-62 Roclwell hardness after machining and then
ground to a2 final cutting edge with a 90 degree included angle.
The cutter is 6 inches in diameter and 1/2 inch thick, and has a
1/16 inenh flat wear flat on the cutting edge. A diagrimmatic rep-
resentation of the cutter is shown in Fig. 2.2. This cutter was
used throushout the tests. The ccntrols of the milling machine
allowed or accurate (%.002 in.) settings of penetration and index-

ing.

2.1.2 Instrumentation

The instrumentation was modified from that used earlier
with the li.iear cutter system tc include recording on magnetic tape.
The tape was used as the input to the hybrid computer. The signals
from the vertical and horizontal arms had to be amplified for input
to the tzpe. The circuit is shown in Fig. 2.3.

train gages (120 ohm, G.F. 2,04, type SR-4) mounted on two
sides of the restricted sections of each of the support afms vere
connected in series to compensate for any bending.l A constant
voltage of 10 volts was maintained across the Wheatstone bridge
cireult. The sensitivities wero 410 1bs/mv for the vertical end

2310 1vs/mv for the horizontal arms. Temperature compensating gages
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Circuit for the Linecar Cutter.




vere net cmployed in these circults. It was originally thought
that since testing was done under laboratory conditions, and the
time required per cut was less than one minute, temperature
effects would be minimal. It was found on some occasions, how-
ever, that temperature compensation would have been an improvement.
Because of the low output from the gages, they actually were

sen. (tive to temperature changes and careful observation of the
zero point had to be maintained before and after each cut. The
sudden tenmperature changes were due to opening of a door from the
laboracory straight to the winter weather outside. This effect
‘was eliminated by careful checking of zeros and by choosing the
moment for cuiting.

The main probler in the electrical circuit was in {he ampli-
flcation of ~he verticzl signal. This caused a delay of more than
a month 'n the start of the tests. The Dana amplifiers, iwhich
were used ip the horizontal ciicuit performed well and had excel-
lent noice reflection levels. A new Honeywell amplifier (ACCUDATA
122) in tre vertical circult caused us trouble due to the noise

pi:k up with high amplification. This problem was finally overcome

4

when

<

he design engineer of the amplifier made some changes in the
amplifier tc¢ fit the noise problem in the laboratory. The ampli-
fications were, in the final tests, 2000 in tre vertical and 20,000
in the horizontal arm.

The movement of the lircnr ~utter table was monitored with a
5 k ohn 10 turn potentiometer connected to palancing circuit. The
output from the circuit was connected to one channel of the tape

roecorder.

o
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Three channels were used In the tape recorder (Honevwell 8100);:
one for displacement, one for vertical force, and one for horizontal
force. The tape recorder was calibrated to -2 volts to +2 volts

4

peak Yo peak value. Hard copy records were made by playing the
tape into an XYY' recorder. For the calibration of the output
from the tape, calibrat'én voltages were put at the beginning of
each tape. 'The tape was then used to provide the input to the

hybrid computer.

2.1.3 Sample Prr.sration

All the samples used from the Climax turnmel were in the
form cf ¢ inch diameter cores. The samples from Nast and Lawrence
tunncls were taken from blocks. The cores were sawed in half
lengthwisc and one half was used for cutting and the other half
to prevare samples for the physical testing.

The core halves and the samples which were sawed from the
blocks were mounted in a channel iron mold and surrounded with
hydro-stone. After {he hydro-stone had set at least twelve hours
the surface of the samples were ground to the smoothness of 1.003

inch usirg a surface grinder. The smooth surface was necessary
to assure reproducibility of results and to provide an accurate

reference for volume measurements. After drying 8 hours at room
temperature, the samples were clamped into a support frame on the

table of the linear cutter and checked to insure a level of the

surface. Testing could then be commenced.,

2.1.0 Testinge Method

After a sample was prepared and nounted on the machine, a

testing procedure was estab'ished depending on the sample properties.

et i s A



To eliminate "end" effects the first 1 1/2 inches and the last 1 to
2 inches of the cut were marked out and not included in the area
and volume measurements. The samples were cut through from one
end to the other.

Rather than a constant vertical force, a fixed penetration
depth was set on the adjustabie mobile table. The penetration
depth was set when the culter was free of the rock sample so that
each force-displacement recording began with a zero vertical and
horizontal force. The starting point of the table movement was
sct a sulficient distance ahead of the point of contact with the
sample so that a zero load recording could be obtained on the Cape
for the setting of the zero in the hybrid computer.

The indexing was fixed to 0.30 in. in all tests, ekxcept in

the last pass in the sample Climax #7. In hard rocks this indexing

£

was too wide to causec breaking between the cubs on the first pass;
it was, however, adequate for successive passes. The indexing was
not taken as a variable in these experiments because it was under-
stood that indexing was constant in the tunncl boring machine, and
becauss the comparison is made between laboratory results and field
data.

In this report a cut means one linear indentation along the
surface of the sample. A pass is defined as the removal of one
layer of rock resulting from several indexed cuts. The first pass
consisted of eleven cuts on the 6" core samples which left 1.5 in.
wlde area on both sides which was not cut. At least as wlde an
area was left on the sides of the narrower samples when only seven
or nine cuts were cut on the first pass. 7o minimize the effect

of confinement on the results the outer two lines were dropped
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after each volume measurement from the next pass. Because the
last pass consisted in each case of at least three cuts, two con-
fecutlve passes had the same amount of cuts on some samples.

The set penetration for different passes could be maintained
constant only for hard samples. It was necessary to vary the
penetration for softer rock to compensate i'or the overbreak from
the previous passes and to obtain a relatively equivalent force
curve for all passes. The set penetration in hard rocks was
ueurlly 0.030 in. but was increased up to 0.120 in. in scft rock.

To determine the specifle energy (the energy required to
break a unit volume of rock), it was necessary to measure the vol-

ume of the removed material. 1t had been found earlier by Ross

(1) that it was Impossible to determine the volume of an individua]

cut and therefore a system was established to measure the volume
of an entire pass. Ross compared different ways of measuring the
volume (volume displacement of cuttings, sand filling, molding
silicone rubber and cross section profile measurement), and con-
cluded that sand filling was fast, as accurate as the others, and
readily adaptable to the variations in the cuts.

Dry sand was used in this work for volume measurement. Sand
of screen sizes -65/+150 mesh was used. The missing ends of the
craters were replaced along the marked lines using ordinary putty.
The\top of the crater was planed with a rigid straight edge using
the ground surface of the rock sample as a guide. The volume of
sand was determined using a graduat.d cylinder. Because the vol-
ume of sand depenrds on the packing and because the sand-filled

crater was almost unpacked, the volume of sand was taken to be the

A A
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value which was obtained when sand was poured into the cylinder
without any more vacking. Beczuse errors may easlly result in
hasty volume measurement, much care was put into performing the
determination consistently each time. To eliminate the occasional

errors the measurements vere repeated.

2.2 Calculation of the ILaboratory Hesults

From the laboratory experimental results the following quan-
tities were calculated:

1. Average horizontal and vertical rorces

2. Actual penetration

3. Specific energy

. Cutting coefficient

5. Cutting size distribution

By the analqg—digital computer the following quantities were
determined continuously along the length of a cut:

1. Cutting coefficient

2. Work done

2.2.1 Averape Forces

To pet the average horizontal and vertical forces, the areas
under the marked portions of the recorded force versus displacement
curves were determined using a planimeter. Dividing this area by
the marked length we obtained the average forces for each cut. The
average of the forces for each cut of the pass was taken as the

average force of the pass.

2.2.2 Actual Penetfration

The penetration, which was set on the machine, was not always
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the same s the actual penetration realized in the cutting. The
reason for the differences is that rock did not breék exactly to
the depth of the set penetration; in some cases there occurred
much "overbreaking" and in some cases in hard rocks the actual
penetration did not reach the set penetration,

To obtain the average actual penetration for a pass, the
measured pass volume was divided by the plan area of the pass
between the marks on the sample. This daverage penetration for a
pass 1s denoted in the results as 4 calculated penetration.

A calculated penetration for a given sample is the average
value of the calculated penetrations for each pass made on the

sample.

2.2.3 Specific Rncrgg

The energy for ecach cut was determined using the average
horizontal force and the distance between the marks on the sample. ¥
As will be discussed later, the energy was also determined by a
hybrid (analog—digital) computer continuously along the length of
the cut.

The energies for each cut used in the arked area were summed
to give the energy used for each vass. Dividing the enerpgy used in
a4 pass by the measured volume of the same pass we obtained a value

for energy per volume. This is called the specific energy.

¥This s Justified, because the displacement in the vertical direc-
tion is veryv small compared to the displacement in the horizontal
direction. The energy from the vertical load is thus a very small
part cf the total energy.,
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The specific energy of' a sample is the averagze value of the

specific energies for each of the passes.,

2.2.4 cutting Coefficient

The cutting coefficient is defined as the ratio between the

horizontal force (FH) and the vertical force (FV).

From the average values of the forces, the average cutting coef-

ficient was determined for each cut. The cutting coefficient of a

D

base is the average value of the cutting coefficients of the cuts,
The cutting coefficient of the sample 1s the average value of the
cutting coefficients of the passes.,

A continuous record of the variation of the cutting coefficient

along the length of the samble was found using the hybrid computer,

2.2.5 Cutting Sigze Distribution

The cuttings from each pass were collected as carefully as
possible for the determination of the size distribution. The
sieving was performed using sieves from 4 mesh to 325 mesh. The
results are, however, presented in a collected form.

The reliability of the sieving analysis cannot be too good as
the amount of the material is small and there may be sone losses
of materlal, too. On the other hand, the results of various passes
on one sample show oo much'consistency that some notes based on
size distribution are Justified.

A power frequency analysis program was also preparcd for the
hybrid comruter and tried. The program works, but due to needed

minor improvements in the progsram and the time limltatlions, we

e
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could not perform the extensive calculations for this report. It

is hoped that these calculations can be done later.

2.2.6 Calculations in the Hybrid Computer

The hybrid computer at the University of Colorado (c.u.),
Boulder, Colorado, was used to determine the cutting coefficient and
energy along a cut on the sample. Dr. Donald Dick from C.U. pre-
rared the needed programs (Appendix B) and advised in the use of
the computer.

The magnetic tape on which the cutting results were recorded
was taken to Boulder where it was played back by the tape recorder
and this output was fed into the analog part of the computer. The
analog computer did the sampling of the data, usually taking 500
samples along the seven inch length of the sample. After sampling,
the calculations were performed by the digital part of the com-
puter. The output from the computer was then taken on an X-Y
plotter.

After some difficulties at the beginning, especially with the
tape recorders, the system began to work smoothly. DC calibration
signals (zero, positive, and negative voltages) were recorded on
each tape in the 1aborétory for calibration of the tape cutput.

The most time consuming part of the computer calculations was
the plotting of the output. To complete one cut from the input of
data to the end of the recording of the output took 5 to 10 minutes,

The output from the computer gave us continuous records of the
cutting coefficient and total energy along the cut. The cutﬁing
coefficient was calculated for each sampling point and the output

was given so that the displacement axis was scaled at a 1:1 ratio
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with the actual dlsplacement on the sample. The plots (Appendix A)
show very large variations along the length of the cut.

The output of enerey is given as a total energy at each point.
The energy calculated for ecach sampling distance was added to the

total energy of the breceding sampling point.

2.3 Tunnel BoEing Dag 2

Up to date tunnel boring data was received from the Nast
tunnel in Colorado and to a certain extent from the Lawrence tunnel
in Chicago. The promised data from the drift bored in the Climax
mine arrived in February 1972 and was incomplete, so that it could
not be used properly to calculate stecific energies or cutting
ccefficients. More data is being asked from the Smith Tool Co.
Data from the White Pine mine was not availahle at the time of
this report. The first blocks for laboratory testing arrived in

the middle of February, but could not be immediately tested.

2.3.1 Nast Tunnel

The Nast tunnel is being bored using a Wirth machine, by

Peter Kiewit and Sons, as part of the Fryingpan-Arkansas project
for the United States Bureau of Reclamation. The bored tunnel has
a diameter of 9'10" and will have a length of about 15,700 rt.
The alignment and profile of the tunnel are given in Fig. 2.4 (2).

The machine is shown in Fig. 2.5, and the cutting head in
Fig. 2.6. In the picture of the cutting head, four bits are absent.
The cutters were tungsten carbide button bits. For a short distance
disk tipe cutters were tried in porpnyritic type granite, but they

were removed as the boring rate was not improved. This was not
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Fig. 2.4, Alignment and profile of the Nast tunnel.

Fig. 2.5. The Wirth boring machine used in the Nast tunnel.
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necessarily the fault of the cutters, since some other difficulties
were present at the same time.

The head was changed at the end of 1971 to a flat face head.
This is thought to cause less bending in the head and the cutter
saddles and it is hoped in this way to eliminate some of the
repairs.

A portion of the finished tunnel is shown in Fig. 2.7. 'The
data collected from the Nast tunnel by the U.S.B.R. for each shift
was provided to us for our use. It covers the tunnel bored from
November 1970 to January 1972. The length of the tunnel was about

5,500 ft at the end of the veriod under consideration in this work.
L] s

2.3.2° Lawrence Tunnel

Data was received from the Chicago sewer tunnel bored using
the Lawrence machine. The tunnel has the diameter of 13'8" and the
firnal length of 12,451 ft. Our data is from one month, July 1971,
and corresponds to the advancement of 1,150 r¢t.

The machine employs disk type cutters. The total number of
cutters on the head is 27.

The received logs included time and advancement, thrust (psi),
and the hydraulic pressure used to rotate the head. From this
Information, boring rate and specific energy cwuld be calculated
by knowing the relationship between rotary hydraulic pressure and

the rotary power.

2.3.3 Caleculation of Iield svecific Energy

Hustrulid and Ross (3,1) have earlier derived the theory for

the calculation of specific energy and cutting coefficient from the




field data. A summary of the theory l1s presented below.

The total input power to the rock can be given with the

expression

P =2mnt + 7 x B; - (2.1)
where

P = power (ft—lbs/min)

RPM, rotation speed of the head

o
fi

o
]

torque (ft-1bs)

rl1

thrust (lbs)
B; # boring rate (ft/min)
The 1ate of rock volume removal is

2

Vg = }f D B (2.2)
where

Vi = volume/time (ftS/min)

D = tunnel bore diameter (ft)

The energy/volume or specific energy is the total input to the rock
divided by the volume of the removed rock.

. 1
2mnt + T Br

P
E,' = 5 = (2.3)
v Vi, T 2 !

In this expression EV"has the units ft-lbs/ft3.

The boring rate and ihe specific energy are normally given in ft/hr
2

and the specific energy in in.-1bs/in.", respectively. The expres-

sion 2.3 can be modified to the following form
Bpn
2mnt + 7T 56
EV = 5 (2.4)
0.67wD B,

where
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Ey = specific energy (in.—lbs/in,3)
B, = boring rate (ft/hr)

Because the rotary power term (2mnt) is usually much larger than

that duc to the thrust (TB,./60), Ey can be approximated by

n, 2mnt .

B, = 2Rt (2.5)
O.GWD’BP

In many cases the rotary power is given in terms of horsepower and

EV can be expressed by

A g I
E. = 225000 hp (2.6)

X DB

2.3.4 Calculation of Field Cutting Coefficient

There 1s evidence (4) that in the cutting of rock, the rela-

tionship between the cutting (ti) and normal (Nj) forces can be

given

by = N (2.7)
where

ti = tangential (cutting) force of each cutter

Ni = thrust force ver cutter

U = coefficient of cutting friction.

Assuming that the cutter head is rigid, then the thrust force is
the same for all cutters

N, = N (Constant).
We then have

T = nN

whero



T

i

total thrust

1}

n number of cutters.
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The tangential force (tn) can be expressed from equation (2.7)

e B
ti H n

The total applied cutting head torgue then becomes

n
r.[l
t=u= 35 p
n b
i=1
where
t = total torque
ri = radius arm of each cutter.

Assaming that the n cutters are evenly distributed,

—
<

1
n

™~
=
t
N

1=1 %
where
R = radius of tunnel bore.
The expression for the total torque becomes

o YIB_
t = pl 5

and cutting coefficient (u) becones

2t

ll T e e

R T

(2.8)

(2.9)

(2.10)

(2.11)
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3. DISCUSSION OF RESULTS

3.1 Laboratory Cuttiqg

The summary of the results of the laboratory samples, which
represented different types of rock, are given in Table 3.1.
Sometimes the first pass did not break material enough so that
volume measurements could be made. In these cases the figures
given for the second pass represent the first and second passes
together. The energy used in the first pass varied between 12% (
and 17% of the combined energy of the first and second passes.

The results in figures 3.1-3.6 are given as a function of the

calculated penetration. Calculated renetration is considered to
be the most relevant measure in the laboratory to the bérjng rate
in the field.

Each point in the figures represents one sample. In Fig. 3.6

where four samples are chcsen for a more detailed revresentation,

each point represents one pass on the sample.

3.1.1 Specific Energy l

Fig. 3.1 shows that there exists an inverse relationship
between calculated penetration and specific energy when cutting in
different rock types. The inverse relationship does not neces-
sarily represent the relationship in an individual sample. On the
contrary, there is some slight evidence of an opposite relation-
ship. This is not, however, well established in these experiments

and can be partly the result of the bottom conditions of the cuts.
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The cutting method used (cutter, constant indexing) 1in most
cases limits the sizes of the particles produced. Some evidence
of this may be found in<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>